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Abstract  26 
 27 
There is increasing evidence from yeast to humans that pre-mRNA splicing occurs mainly co-28 
transcriptionally, such that splicing and transcription are functionally coupled. Currently, there 29 
is little insight into the contribution of the core transcription elongation machinery to co-30 
transcriptional spliceosome assembly and pre-mRNA splicing. Spt5 is a member of the core 31 
transcription elongation machinery and an essential protein, whose absence in budding yeast 32 
causes defects in pre-mRNA splicing. To determine how Spt5 affects pre-mRNA splicing, we 33 
used the auxin-inducible degron system to conditionally deplete Spt5 in Saccharomyces 34 
cerevisiae and assayed effects on co-transcriptional spliceosome assembly and splicing. We 35 
show that Spt5 is needed for efficient splicing and for the accumulation of U5 snRNPs at intron-36 
containing genes, and therefore for stable co-transcriptional assembly of spliceosomes. The 37 
defect in co-transcriptional spliceosome assembly can explain the relatively mild splicing 38 
defect as being a consequence of the failure of co-transcriptional splicing. Co-39 
immunoprecipitation of Spt5 with core spliceosomal proteins and all spliceosomal snRNAs 40 
suggests a model whereby Spt5 promotes co-transcriptional pre-mRNA splicing by stabilising 41 
the association of U5 snRNP with spliceosome complexes as they assemble on the nascent 42 
transcript. If this phenomenon is conserved in higher eukaryotes, it has potential to be important 43 
for co-transcriptional regulation of alternative splicing. 44 
  45 
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Introduction  46 
 47 
Genes in most eukaryotes contain non-coding sequences (‘introns’) that interrupt the coding 48 
sequences (‘exons’). Introns are present in the nascent transcripts (pre-mRNAs) and are excised 49 
and the exons joined in a process called pre-mRNA splicing. Introns are defined by short 50 
conserved sequences: the 5’ splice site (5’SS), the 3’SS and the branch point (BP). Trans-acting 51 
factors recognise these motifs and position the pre-mRNA for the two transesterification 52 
reactions catalysed by the spliceosome. The spliceosome is a large macromolecular complex 53 
composed of small nuclear ribonucleoprotein particles (snRNPs) – U1, U2, U4/ U6 and U5 - 54 
and many non-snRNP proteins (reviewed in Hoskins and Moore, 2012). Both in vitro and in 55 
vivo, the snRNPs assemble on the pre-mRNA in a step-wise manner. First, the U1 snRNP binds 56 
to the 5’SS, and the U2 snRNP binds to the BP, forming the pre-spliceosome, or A complex. 57 
The U4/U6•U5 tri-snRNP then joins, forming the pre-catalytic spliceosome, or pre-B 58 
intermediate complex, which is unstable (Boesler et al. 2016). The pre-B complex undergoes 59 
substantial re-arrangements to produce the B complex in which the tri-snRNP is stably 60 
associated. The spliceosome undergoes further structural rearrangements to form the 61 
catalytically active B* complex, that catalyses the first step of splicing. Further rearrangements 62 
promote the second catalytic step that generates the spliced RNA and then the spliceosome 63 
dissociates. The splicing factors are then recycled for a new round of splicing (reviewed in Will 64 
and Lührmann, 2011).  65 
 66 
There is increasing evidence from lower to higher eukaryotic organisms that splicing occurs 67 
mainly co-transcriptionally - that is, spliceosomes assemble and splicing catalysis occurs as 68 
RNA polymerase II (RNAPII) transcribes along the gene, before transcription termination 69 
(Kotovic et al. 2003; Görnemann et al. 2005; Lacadie and Rosbash, 2005; Listerman et al. 70 
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2006; Carillo Oesterreich et al. 2010; Ameur et al. 2011; Khodor et al. 2011; Tilgner et al. 71 
2012; Brugiolo et al. 2013; Nojima et al. 2015; Carillo Oesterreich et al. 2016; Harlen et al. 72 
2016; Wallace and Beggs, 2017). By definition, co-transcriptional splicing occurs in close 73 
proximity to the transcription elongation machinery and it is well-established that transcription 74 
and splicing are functionally coupled such that they influence one another (Fong and Zhou 75 
2001; de la Mata et al. 2003; Howe et al. 2003; Alexander et al. 2010a; Ip et al. 2011; Braberg 76 
et al., 2013; Chathoth et al. 2014; Dujardin et al. 2014; Fong et al. 2014; Aslanzadeh et al. 77 
2018). There are two non-mutually-exclusive models for how transcription affects splicing: (i) 78 
the speed of RNAPII elongation affects intron/exon recognition (termed the ‘kinetic’ model) 79 
and/or (ii) the transcription elongation machinery facilitates recruitment of splicing factors to 80 
the site of transcription (termed the ‘recruitment’ model) (reviewed in Kornbihtt et al. 2004; 81 
Bentley 2005; de la Mata et al. 2005; Perales and Bentley, 2009; Bentley, 2014; Dujardin et al. 82 
2013; Merkhofer et al. 2014).  83 
 84 
Spt5 is the most highly conserved core transcription elongation factor that, following initiation 85 
of transcription, associates tightly with RNAPII during elongation until transcription 86 
termination, and acts as a docking site for protein complexes that influence RNAPII 87 
processivity, RNA processing and histone modifications (reviewed in Hartzog and Fu, 2013). 88 
It is thought that Spt5 enhances RNAPII processivity by stabilising interaction between its 89 
clamp domain and the DNA template (Hirtreiter et al. 2010; Klein et al. 2011; Martinez-90 
Rucobo et al. 2011). In metazoans, DSIF (Spt4/5 in S. cerevisiae) and NELF cause RNAPII to 91 
pause in a stable manner downstream of transcription start sites, referred to as promoter-92 
proximal pausing (reviewed in Adelman and Lis, 2012). Depletion of Spt5 in 93 
Schizosaccharomyces pombe causes genome-wide defects in transcription elongation (Shetty 94 
et al. 2017). In mammals, Spt5 depletion does not cause such genome-wide defects but seems 95 
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to be important for elongation only on long genes (Fitz et al. 2018). Spt5 has a conserved but 96 
non-essential C-terminal region (CTR) that is differentially phosphorylated during the course 97 
of transcription, and is important for RNAPII elongation and histone modification (Zhou et al., 98 
2009). In particular, phosphorylation of the CTR of Spt5 by the Bur1/2 kinase complex is 99 
important for Paf1 complex (Paf1C) recruitment to elongating RNAPII (Laribee et al. 2005; 100 
Liu et al. 2009). Paf1C is associated with RNAPII along actively transcribed genes where it 101 
serves as a ‘platform’ that co-ordinates the association of transcription factors and chromatin-102 
modifying enzymes with RNAPII, thereby facilitating transcription elongation (reviewed in 103 
Jaehning, 2010). Paf1C is required for H2BK123 mono-ubiquitination, which in turn is 104 
required for H3K4 di- and tri-methylation (Wood et al. 2003; Krogan et al. 2003; Ng et al. 105 
2003; Xiao et al. 2005b). The Paf1 complex also affects H3K36 tri-methylation (Chu et al. 106 
2007). 107 
 108 
There is evidence that Spt5 affects the pre-mRNA splicing outcome. For example, mutations 109 
in Spt5 or its partner, Spt4, result in splicing defects in S. cerevisiae (Lindstrom et al. 2003; 110 
Burckin et al. 2005; Xiao et al. 2005a), and depletion of Spt4 in mammalian cells results in 111 
changes to alternative splicing patterns (Liu et al. 2012). Further, depletion of Spt5 in 112 
mammalian cells causes pre-mRNA accumulation on some genes (Diamant et al. 2012). 113 
Similarly, depletion of Spt5 in S. pombe causes pre-mRNA accumulation, as shown by RNA 114 
sequencing (Shetty et al. 2017). Additionally, it was shown in yeast that Spt5 is enriched on 115 
intron-containing genes compared to intronless genes (known as “intron bias”) and that Spt5 116 
co-immunoprecipitates with Prp40, a core protein of the U1 snRNP (Moore et al. 2006). 117 
Further, Spt5 was found to crosslink more to pre-mRNA intron sequences compared to exon 118 
sequences in S. cerevisiae (Battaglia et al. 2017).   119 
 120 
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Collectively, these studies demonstrate that Spt5 is important for splicing outcome, but there 121 
is no clear insight into how this happens. As Spt5 functions during transcription, it seems likely 122 
that it affects splicing co-transcriptionally although, apparently, this has not been investigated. 123 
Here, an auxin-inducible degron (AID) system (Nishimura et al. 2009; Mendoza-Ochoa et al. 124 
2018) was used to conditionally deplete Spt5 in S. cerevisiae, and effects on co-transcriptional 125 
spliceosome assembly and splicing were investigated. Analysis of co-transcriptional 126 
spliceosome assembly showed that depletion of Spt5 did not affect co-transcriptional U1 or U2 127 
snRNP recruitment, meaning at least the pre-spliceosome or A complex can form co-128 
transcriptionally in the absence of Spt5. However, co-transcriptional recruitment of the U5 129 
snRNP was reduced, indicating that B complex cannot efficiently or stably form co-130 
transcriptionally in the absence of Spt5. Further, Spt5 pulls down all spliceosomal snRNAs and 131 
co-immunoprecipitates with spliceosomal proteins. We propose that Spt5 affects U5 snRNP 132 
recruitment and pre-B and/or B complex formation co-transcriptionally through interaction 133 
with components of the spliceosome. Together, these data provide insight into how Spt5 could 134 
specifically affect co-transcriptional pre-mRNA splicing to cause a mild splicing defect in S. 135 
cerevisiae.  136 
137 
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Results  138 
 139 
Use of the AID system to conditionally deplete Spt5 140 
 141 
To determine whether the physical presence of Spt5 affects co-transcriptional spliceosome 142 
assembly in vivo in S. cerevisiae, Spt5 was conditionally depleted using the AID system. Spt5 143 
was C-terminally tagged with the AID* degron and 6xFLAG epitope in a strain that allowed 144 
conditional induction with β-estradiol of OsTIR1, the auxin-binding receptor protein from 145 
Oryza sativa (McIsaac et al. 2013; Mendoza-Ochoa et al. 2018). Following addition of β-146 
estradiol and auxin to the culture, the auxin-bound OsTIR1 targets the Spt5-AID* protein for 147 
ubiquitylation and degradation by the proteasome. Western blotting showed that treatment for 148 
40 minutes resulted in the reduction of Spt5-AID* to 40%, on average, of the undepleted 149 
amount (Figure 1A). Chromatin immunoprecipitation and quantitative PCR (ChIP-qPCR) 150 
analysis across three intron-containing genes (Figure 1B) showed that, in wild-type conditions, 151 
Spt5-AID* occupancy peaks over introns and exon 2 of the genes analysed (Figure 1C). After 152 
auxin treatment, Spt5-AID* was significantly depleted at each of the intron-containing genes 153 
tested (Figure 1C).  154 
 155 
Depletion of Spt5 reduces the co-transcriptional recruitment of the U5 snRNP without 156 
affecting co-transcriptional pre-spliceosome assembly 157 
 158 
As splicing factors assemble co-transcriptionally, their close proximity to chromatin enables 159 
them to be crosslinked to the DNA template and analysed by ChIP-qPCR. In this way, the co-160 
transcriptional recruitment of splicing factors and spliceosome assembly can be monitored in 161 
vivo (Kotovic et al. 2003; Görnemann et al. 2005; Lacadie and Rosbash, 2005; Tardiff and 162 
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Rosbash, 2006). ChIP was performed, using antibodies against core members of the 163 
spliceosome, to determine whether depletion of Spt5 affects co-transcriptional spliceosome 164 
assembly at the intron-containing genes ACT1, RPS13 and ECM33. These three genes are well 165 
expressed and their transcripts are co-transcriptionally spliced (Wallace and Beggs, 2017). 166 
Antibodies were used that detect Prp40 (U1 snRNP), Lea1-3HA (U2 snRNP) or Prp8 (U5 167 
snRNP), which allowed a determination of which stage, if any, of co-transcriptional 168 
spliceosome assembly may be affected by depletion of Spt5. In conditions without auxin or β-169 
estradiol, the ChIP profiles of U1 snRNP (Prp40), U2 snRNP (Lea1-3HA) and U5 snRNP 170 
(Prp8), were as expected; the U1 and U2 snRNP signals peaked near the 3’SS, and the U5 171 
snRNP peaked nearer the 3’end of the gene. ChIP-qPCR showed that depletion of Spt5 for 40 172 
minutes did not significantly or consistently affect U1 or U2 snRNP occupancies on the intron-173 
containing genes tested (Figure 2A and 2B), relative to conditions without depletion. In 174 
contrast, depletion of Spt5 resulted in a significant reduction in U5 snRNP occupancy where it 175 
normally peaks on ACT1 (amplicon 5, exon 2), on RPS13 (amplicon 5, exon 2) and on ECM33 176 
(amplicons 4 and 5, exon 2) (Figure 2C). Moreover the U5 ChIP signal declined prematurely 177 
compared with normal.  178 
It is conceivable that reduced U5 snRNP recruitment could be an indirect consequence of 179 
reduced RNAPII occupancy following Spt5 depletion, for example, causing loss of interactions 180 
between certain splicing factors and RNAPII. However, ChIP using an antibody against 181 
RNAPII (Rpb1) (Figure 2D) showed no consistent effect on RNAPII occupancy across these 182 
intron-containing genes. Moreover, western blotting, performed with extracts from cells grown 183 
with or without 40 minutes of auxin treatment, showed no significant difference in the total 184 
cellular level of Prp8 protein upon Spt5 depletion (Figure 2E), indicating that the observed loss 185 
of U5 snRNP occupancy, as measured by ChIP of Prp8 following Spt5 depletion, was not 186 
simply due to a reduction in the total cellular level of the Prp8 protein. 187 
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Depletion of Spt5 causes defects in pre-mRNA splicing 188 
 189 
Next, the effect of Spt5 depletion on splicing was investigated for the same intron-containing 190 
genes (ACT1, RPS13 and ECM33). In order to distinguish defects at different stages of splicing 191 
catalysis, reverse transcriptase real-time quantitative PCR (RT-qPCR) assays were performed 192 
using primers that distinguish unspliced pre-mRNA, lariat (excised intron lariat or lariat-exon 193 
2) and spliced exons (Figure 3A). An increase in 3’SS and 5’SS or BP signals is indicative of 194 
pre-mRNA accumulation and a first step splicing defect. Increased signals for 3’SS and lariat 195 
is indicative of a second step splicing defect (lariat-exon 2). Increased lariat signal only 196 
(without 3’SS or BP accumulation) suggests accumulation of the excised intron-lariat. RT-197 
PCR of lariat species involves using a primer that spans the conserved branchsite of the lariat. 198 
Of the genes tested, only ACT1 lariats can be reliably measured this way. 199 
 200 
RT-qPCR on total (steady state) RNA showed that depletion of Spt5 resulted in accumulation 201 
of pre-mRNA for ACT1 (BP and 3’SS signals) ECM33 (5’SS signal) and RPS13 (5’SS signal), 202 
indicating a first step defect in pre-mRNA splicing (Figure 3B, Supplementary Figure S1). In 203 
the case of ACT1 we were also able to quantify lariat species, which shows that depletion of 204 
Spt5 resulted in a reduction in lariat signal, supporting a first step splicing defect (Figure 3B, 205 
Supplementary Figure S1). The observation that the levels of the spliced mRNAs were not 206 
significantly changed likely reflects the relatively short Spt5 depletion time as well as the 207 
relatively mild splicing defect. 208 
 209 
Spt5 interacts with snRNPs 210 
 211 
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RNA immunoprecipitation (RIP) was performed in which Spt5-AID*-6FLAG was pulled 212 
down using a FLAG antibody and associated RNA was purified followed by RT-qPCR to 213 
detect any association of Spt5 with U1, U2, U4, U5 and U6 spliceosomal RNAs. RIP analysis 214 
showed Spt5 interacting mostly with the U1 snRNA, and also with U2, U4, U5 and U6 snRNAs 215 
significantly above background (Figure 4A). RT-qPCR of intron-containing transcripts showed 216 
Spt5 pulling down more pre-mRNAs in comparison with spliced RNAs, in agreement with 217 
previous studies, which found that Spt5 exhibited intron bias and interaction with nascent pre-218 
mRNAs (especially introns) (Figure 4B) (Moore et al. 2006; Battaglia et al. 2017). To 219 
investigate the possibility of an interaction between Spt5 and spliceosomal proteins, co-220 
immunoprecipitation experiments were performed in which Spt5-AID*-6FLAG was pulled 221 
down using a FLAG antibody, followed by western blotting with antibodies against Prp40 222 
(U1), Lea1-3HA (U2) and Prp8 (U5). As shown in Figure 4C, Prp8 was specifically co-223 
immunoprecipitated with Spt5-AID*-6FLAG and, as the addition of RNase did not affect the 224 
co-immunoprecipitation, this interaction appears to be RNA-independent. No pull down of 225 
Prp8 was detected using a control strain with untagged Spt5, confirming the specificity of the 226 
co-immunoprecipitation. Although Prp40 (U1 snRNP) and Lea1 were not detected in the pull 227 
down of Spt5 (Figure 4C), immunoprecipitation of Prp40, Lea1 and Prp8 each co-228 
immunoprecipitated Spt5 in an RNase-resistant manner (Figure 4D). Therefore, Spt5 appears 229 
to interact with several core spliceosomal proteins, but only the co-immunoprecipitation 230 
between Spt5-AID*-6FLAG and Prp8 was reciprocal. RT-qPCR analysis demonstrated the 231 
effectiveness of the RNase treatment for both snRNAs and pre-mRNA (Figure 4E).  232 
 233 
The effect of Spt5 depletion on co-transcriptional recruitment of the U5 snRNP is not 234 
Paf1-dependent 235 
 236 
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To test whether the effect of Spt5 depletion on co-transcriptional spliceosome assembly was 237 
due to loss of Paf1C, a core member of the complex, Paf1, was depleted by the AID system 238 
and effects on co-transcriptional spliceosome assembly were determined. Western blotting 239 
showed that 30 minutes of auxin treatment resulted in a significant reduction in Paf1-AID* to, 240 
on average, 8% relative to cells without auxin treatment (Figure 5A). ChIP-qPCR analysis 241 
showed that, in addition to being depleted in whole cell extracts, Paf1 was significantly 242 
depleted across the intron-containing genes tested after auxin treatment (Figure 5B). However, 243 
in contrast to the effect of depleting Spt5, ChIP-qPCR analysis showed no significant change 244 
in the occupancy of the U5 snRNP at ACT1, ECM33 or RPS13, following 30 minutes of Paf1-245 
AID* depletion, relative to conditions prior to auxin addition (Figure 5C, Supplementary 246 
Figure S2). Nor were consistent changes in U1 or U2 snRNP occupancy observed (data not 247 
shown). 248 
 249 
To determine whether Paf1-AID* depletion affected pre-mRNA splicing, RT-qPCR was 250 
performed, as described above, on total (steady-state) RNA. No significant change in the levels 251 
of the pre-mRNA, spliced exons or exon 2 was observed for ACT1, RPS13 and ECM33 252 
following depletion of Paf1-AID*, relative to conditions prior to auxin addition (Figure 5D).  253 
  254 
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Discussion 255 
There is some evidence that core members of the transcription elongation complex interact 256 
with splicing factors (Brés et al. 2005; Moore et al. 2006; Cao et al. 2015; Li et al. 2016), and 257 
can affect splicing outcome (Lindstrom et al. 2003; Burckin et al. 2005; Xiao et al. 2005a; Liu 258 
et al. 2012; Diamant et al. 2012; Shetty et al. 2017). However, there is currently little insight 259 
into how the core transcription elongation machinery affects co-transcriptional splicing or 260 
whether observed effects are direct or indirect (reviewed in Neugebauer, 2002; Merkhofer et 261 
al. 2014). Here, using the AID system to conditionally deplete transcription elongation factor 262 
Spt5, we provide insight into the contribution of Spt5 to pre-mRNA splicing in S. cerevisiae. 263 
ChIP-qPCR, using antibodies against individual snRNP components, is a well-established 264 
method to monitor step-wise co-transcriptional spliceosome assembly (Kotovic et al. 2003; 265 
Görnemann et al. 2005; Lacadie and Rosbash, 2005; Tardiff and Rosbash, 2006). In particular, 266 
Prp8 is a reliable indicator of the presence of the U5 snRNP, as absence of Prp8 results in 267 
failure to form stable U5 snRNP or U4/U6.U5 tri-snRNP or their failure to assemble into 268 
spliceosomes (Brown and Beggs, 1992).  It was also shown previously that pre-spliceosomes 269 
can form in vivo in the absence of the U5 snRNP (Tardiff and Rosbash, 2006).  Following Spt5 270 
depletion, we observed normal co-transcriptional recruitment of the U1 and U2 snRNPs but 271 
not of U5 snRNP to intron-containing genes (Figure 2), indicating unperturbed co-272 
transcriptional assembly of the pre-spliceosome (A complex) but possible failure to form pre-273 
B complex. However, the observation of a low level signal for U5 snRNP may indicate that 274 
transient pre-B complex forms but, in the absence of Spt5, dissociates, without convertion to 275 
B complex (Figure 2C) (Figure 6). Single molecule imaging analyses of spliceosome assembly 276 
in vitro have shown that individual stages of step-wise spliceosome assembly, including tri-277 
snRNP association with the pre-spliceosome, are reversible in S. cerevisiae (Hoskins et al. 278 
 Cold Spring Harbor Laboratory Press on July 22, 2019 - Published by rnajournal.cshlp.orgDownloaded from 
Maudlin and Beggs 13 
2011), and there is separate evidence that both steps of splicing can be reversed in vitro (Tseng 279 
and Cheng, 2008). Therefore, we cannot rule out the possibility that stable B complex forms 280 
and is rapidly converted to activated spliceosome that is itself unstable and is rapidly 281 
disassembled.  282 
 283 
Although Spt5 promotes transcription elongation, the effects of Spt5 depletion on U5 snRNP 284 
recruitment are not simply due to altered transcription. Under the Spt5 depletion conditions 285 
used, the transcript levels did not significantly change (exon 2 in Figure 3B), nor did RNAPII 286 
occupancy (Figure 2D) change for the intron-containing genes tested. Moreover, changes to 287 
transcription would be predicted to affect the co-transcriptional recruitment of U1, U2 and U5 288 
snRNPs similarly, whereas U1 and U2 snRNP recruitment was not changed by Spt5 depletion.   289 
 290 
A defect in the co-transcriptional formation of spliceosomes can explain the observed mild 291 
splicing defect (Figure 3). This is consistent with previous studies in which mutations in Spt5 292 
caused splicing defects in S. cerevisiae, and where depletion of Spt5 resulted in pre-mRNA 293 
accumulation in S. pombe (Lindstrom et al. 2003; Burckin et al. 2005; Shetty et al. 2017). It 294 
has been demonstrated that splicing is more efficient when co-transcriptional (Aslanzadeh et 295 
al. 2018), so that, although Spt5 likely does not affect post-transcriptional splicing, this does 296 
not compensate for lack of co-transcriptional splicing, explaining the relatively modest splicing 297 
defect observed when Spt5 was depleted. 298 
 299 
How might this effect of Spt5 on co-transcriptional spliceosome assembly be mediated? Co-300 
immunoprecipitation experiments showed a reciprocal association of Spt5 and Prp8 (Figures 301 
4C and 4D). We also observed Prp40 (U1 snRNP) pull down of Spt5, which is in agreement 302 
with a previous study (Moore et al. 2006). However, Prp40 (U1) and Lea1 (U2) co-303 
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immunoprecipitated Spt5 in a non-reciprical manner, which might suggest that these 304 
interactions occur in the context of the spliceosome. Indeed, RIP experiments showed that Spt5 305 
interacted with all 5 spliceosomal snRNAs (Figure 4A), with U1 snRNA being pulled down 306 
the most, and that the intronic regions of the pre-mRNAs were enriched in the pull downs 307 
compared with the exons (Figure 4B). Although the interactions of Spt5 with the snRNP 308 
proteins are reproducibly all resistant to RNase treatment (Figures 4C and 4D), the intronic 309 
regions of ACT1 (the only transcript analysed by RT-qPCR after RNase treatment) were 310 
relatively protected against the RNase treatment compared with the mRNA splice junction and 311 
the snRNAs, therefore it cannot be ruled out that the Spt5 interactions with splicing factors are 312 
intron-mediated. While our data are consistent with direct interactions between Spt5 and 313 
splicing factors occurring in vivo, we cannot  exclude the possibility that interactions may be 314 
indirect or form post-lysis (Mili and Steitz, 2004). Assuming that these interactions occur in 315 
vivo, as Spt5 is a transcription elongation factor, they presumably occur at sites of transcription 316 
elongation.  317 
 318 
The N-terminal region of Prp8 (U5 snRNP) has been reported to interact with several U1 319 
snRNP proteins, including Prp40 (reviewed in Grainger and Beggs, 2005).  Interestingly, the 320 
conserved WW domains of Prp40 were proposed to bind the N-terminal part of Prp8p in yeast, 321 
through proline-rich motifs (Abovich and Rosbash 1997; Wiesner et al. 2002), possibly 322 
bridging interactions across the intron. In a functional analysis of the role of the Prp40 WW 323 
domains in splicing, Görnemann et al. (2011) found that deletion of the Prp40 WW domains 324 
reduced co-transcriptional U5 snRNP recruitment without affecting U1 or U2 snRNP 325 
recruitment, similar to our findings for Spt5 depletion. It is therefore tempting to speculate that 326 
Spt5 may promote interaction between Prp8, in the U5 snRNP, and Prp40 (and potentially other 327 
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U1 snRNP proteins) during tri-snRNP recruitment, thereby facilitating stable B complex 328 
formation co-transcriptionally, as indicated in our proposed model (Figure 6).  329 
 330 
Together, these data provide insight into how Spt5 could affect pre-mRNA splicing, by 331 
modulating co-transcriptional recruitment or stable association of the U5 snRNP and/or tri-332 
snRNP during spliceosome assembly, most likely by direct or indirect interaction with the 333 
spliceosome (Figure 6). We further show that the defect caused by Spt5 depletion is apparently 334 
not a consequence of failure to recruit the Paf1 complex to RNAPII (Figure 5), more directly 335 
implicating Spt5 itself, rather than recruitment of downstream transcription factors. 336 
 337 
These results provide evidence of a role for a transcription elongation factor in co-338 
transcriptional spliceosome assembly and thereby for the recruitment model of co-339 
transcriptional splicing. As Spt5 is highly conserved, it will be of interest to determine whether 340 
Spt5 plays a similar role in co-transcriptional spliceosome assembly in higher eukaryotes, 341 
which is crucial for co-transcriptional regulation of alternative splicing. 342 
  343 
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Materials and Methods 344 
 345 
Yeast strains and growth conditions 346 
Yeast strains are listed in Table 1. Spt5 was C-terminally AID*-6FLAG tagged in a W303 347 
strain containing a centromeric plasmid that allowed conditional induction of OsTIR1 using 348 
the β-estradiol system (McIsaac et al. 2013; Mendoza-Ochoa et al. 2018). Paf1 was C-349 
terminally AID*-6FLAG tagged in the YBRT background strain. For tagging, a plasmid was 350 
used with the AID* cassette comprised of the AUX/IAA (AID*) recognition motif for auxin-351 
mediated depletion and a 6 X FLAG tag for immunodetection (Morawska and Ulrich, 2013).  352 
Auxin time course experiments 353 
To induce TIR1 using the β-estradiol system, cells, grown in leucine-deficient yeast minimal 354 
media (YMM) to OD600 0.7, were treated with 10 µM β-estradiol (Sigma-Aldrich #E8875; 355 
dissolved in 100% ethanol) to induce TIR1 expression and 0.75 mM Indole-3-acetic acid (IAA; 356 
auxin) (Acros organics #122160100) to deplete Spt5-AID*, for 40 minutes. To deplete Paf1-357 
AID*, cells grown in YPDA medium to OD600 0.7, were treated with 0.75 mM IAA for 30 358 
minutes. After incubation with auxin, samples were taken for protein, RNA and chromatin 359 
extraction as described below. 360 
Protein sample preparation and western blotting 361 
Protein samples were prepared using a NaOH lysis and trichloroacetic acid (TCA) precipitation 362 
protocol (Volland et al. 1994). For western blotting, 25 µg of protein were run on a NuPAGE 363 
4-12% Bis-Tris gel (Invitrogen #NP0323BOX) at 180 V in 1 X MOPS-SDS buffer (Invitrogen 364 
#1862491). Proteins were transferred to a Bio-rad nitrocellulose membrane (0.2 µm, #LC2009) 365 
using a semi-wet transfer unit (Bio-rad) at 100 V for 1 hour at 4℃ in Tris-Glycine transfer 366 
 Cold Spring Harbor Laboratory Press on July 22, 2019 - Published by rnajournal.cshlp.orgDownloaded from 
Maudlin and Beggs 17 
buffer (200 mM Tris, 1.5 M glycine) with 10% methanol. After transfer, proteins of interest 367 
were visualised  using the Odyssey infrared imaging system (LI-COR Bioscience), and 368 
quantified by the median method of the Odyssey software. Data were normalised against the 369 
3-Phosphoglycerate Kinase (Pgk1) loading control. Primary and secondary antibodies used are 370 
listed in Table 2.  371 
RNA preparation and RT-qPCR 372 
RNA was extracted using a modified GTC:phenol method and RT-qPCR was performed as 373 
described in (Alexander et al. 2010b). A list of primers used for RT-qPCR can be provided 374 
upon request.  375 
Chromatin immunoprecipitation (ChIP)  376 
50 ml of culture at OD600 0.8 was cross-linked in 1% (w/v) formaldehyde for 10 minutes with 377 
shaking at room temperature. The reaction was stopped by incubating the cells for 5 minutes 378 
with 2.5 ml of 2.5 M glycine. Cells were harvested by centrifugation and washed twice in ice-379 
cold 1 X PBS. Cell pellets were re-suspended in 350 µl FA1 buffer (50 mM HEPES-KOH pH 380 
7.5, 140 mM NaCl, 1mM EDTA pH 8.0, 1% Triton X-100, 0.1% sodium deoxycholate, one 381 
complete EDTA-free proteinase inhibitor tablet (Roche #11836145001), PhosSTOP tablets 382 
(Sigma Aldrich #000000004906845001)) and 350 µl zirconia beads. The cells were disrupted 383 
using the Mini-Beadbeater-24 (BioSpec Products) twice at 2000 rpm for 2 minutes with 2 384 
minutes on ice in between. The sample was separated from the beads by centrifugation at 1000 385 
x g for 2 minutes. The sample was centrifuged at 20,000 x g for 15 minutes at 4°C. The pellet 386 
was re-suspended in 600 µl FA1 buffer, and the sample sonicated using a New Twin Biorupt 387 
sonicator (Diagenode) for 15 cycles 30 seconds on and 30 seconds off. The sample was 388 
centrifuged at 20,000 x g for 30 minutes at 4°C and the supernatant containing solubilised 389 
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chromatin was retained. For immunoprecipitation, the appropriate amount of chromatin was 390 
incubated in 20 µl Protein A/G Dynabeads (Life Technologies #10001D/10003D) conjugated 391 
to antibody on a rotating wheel overnight at 4°C. A list of the antibodies for ChIP can be found 392 
in Table 2. 393 
The beads were washed 3 times in FA1 buffer, twice in FA2 buffer (50 mM HEPES- KOH pH 394 
7.5, 0.5 M NaCl, 1mM EDTA pH 8.0, 1% Triton X-100, 0.1% sodium deoxycholate), twice in 395 
FA3 buffer (10 mM Tris-HCl pH 8.0, 250 mM LiCl, 1mM EDTA pH 8.0, 0.5% NP-40, 0.5% 396 
Na deoxycholate) and once in Tris-EDTA pH 8.0 0.05% TWEEN-20. Crosslinking was 397 
reversed with 150 µl elution buffer (50 mM Tris- Hcl, 10 mM EDTA, 1% SDS) and 3 µl 398 
Proteinase K (25 mg/ml) and incubated at 42°C for 2 hours and 65°C overnight, shaking. An 399 
input sample equal to 10% of the protein that was used for the immunoprecipitation was 400 
prepared and crosslinking was reversed as above. The QIAGEN mini column clean-up kit was 401 
used to purify DNA according to the manufacturer’s instructions, and DNA eluted in 400 µl of 402 
10 mM Tris pH 8.0. Samples were analysed by qPCR as described above using primers that 403 
can be provided upon request. The ChIP data were normalised using the relative threshold cycle 404 
(Ct) values for each sample. ChIP data are presented as percentage of input normalised to the 405 
first amplicon of each gene.  406 
Co-immunoprecipitation 407 
250 ml of culture at OD600 0.8 was harvested by centrifugation and washed twice in ice-cold 1 408 
X PBS. The cell pellet was re-suspended in 900 µl lysis buffer (50 mM Tris-HCl pH 7.5, 2 mM 409 
Mg2Cl2, 150 mM NaCl, 0.2% NP-40, one complete EDTA-free proteinase inhibitor tablet 410 
(Roche #11836145001)) and 400 µl zirconia beads. Cells were lysed using a Mini-Beadbeater-411 
24 as described above. The sample was centrifuged at 1000 x g for 2 minutes, the supernatant 412 
collected and further centrifuged at 20,000 x g for 30 minutes at 4℃ and used for 413 
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immunoprecipitation. 50 µl Protein A/G Dynabeads (Life Technologies #10001D/10003D) 414 
conjugated to antibody were incubated with 1 mg of protein on a rotating wheel for 1 hour at 415 
room temperature. The beads were washed 8 times in lysis buffer. 20 µl of loading buffer was 416 
added to the beads, input and non-bound samples, which were boiled for 10 minutes before 417 
loading on a 4-12% Bis-Tris gel followed by western blotting as described above. A list of 418 
antibodies used for co-immunoprecipitation and subsequent western blotting can be found in 419 
Table 2.  420 
For RNase treatment, 1 mg of protein was incubated with 100 µg/ml RNase A (Sigma Aldrich 421 
#R4642) for 30 minutes at room temperature prior to immunoprecipitation. The efficiency of 422 
RNase treatment was verified by RNA extraction and RT-qPCR as described above. 423 
RNA immunoprecipitation 424 
RNA immunoprecipitation was performed using a protocol modified from Churchman and 425 
Weissman, 2012. Cells at OD600 0.8 were harvested by centrifugation and subjected to 426 
cryogeniclysis and DNase treatment as described in Churchmann and Weissman, 2012. For 427 
immunoprecipitation, 1 mg of lysate was incubated with 20 µl of dynabeads Protein A/G 428 
Dynabeads (Life Technologies #10001D/10003D) conjugated to antibody on a rotating wheel 429 
for 2 hours at 4°C. As a negative control, a mock pulldown using IgG was performed. The 430 
FLAG antibody used for immunoprecipitation can be found in Table 2. The beads were washed 431 
four times in lysis buffer. RNA was extracted and purified from input and pulldown samples 432 
using the Qiagen miRNeasy mini kit according to manufacturer's instructions. RIP data are 433 
presented as percentage of input. A list of primers used for RT-qPCR to detect snRNAs can be 434 
provided upon request. 435 
 436 
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Figure legends 657 
 658 
Figure 1. Use of the AID system to conditionally deplete Spt5. 659 
(A) Western blot probed with anti-FLAG and anti-Pgk1 as a loading control. Samples were 660 
taken before (T0) and 40 minutes (T40) after addition of auxin and β-estradiol. Spt5-AID* 661 
depletion was quantified and shown as the percentage mean of 3 biological replicates for T40 662 
relative to T0 and normalised to the Pgk1 signal. Error bars = standard error of the mean. Gray 663 
crosses indicate the individual replicate values. 664 
(B) A diagram drawn to scale, showing the positions of amplicons used for ChIP-qPCR 665 
analyses across each of the intron-containing genes ACT1, RPS13, ECM33. Exons are 666 
represented by gray rectangles and a scale bar of 1 kb is shown.  667 
(C) Anti-FLAG ChIP followed by qPCR analysis of the intron-containing genes ACT1, RPS13, 668 
ECM33 without (-) auxin and β-estradiol (solid black line) or (+) 40 minutes after auxin and β-669 
estradiol (dashed black line) addition to deplete Spt5-AID*-6FLAG. The X-axis of each graph 670 
shows the amplicons used for ChIP qPCR analysis. The data are presented as the mean 671 
percentage of input relative to the first amplicon of each gene for at least three biological 672 
replicates. Error bars = standard error of the mean. Asterisks show the statistical significance 673 
(Student’s unpaired t-test). *P < 0.05, ** P <0.01 and *** P < 0.001. Not significant = P > 674 
0.05. Gray crosses indicate the individual replicate values without auxin and β-estradiol and 675 
gray circles indicate the individual replicate values 40 minutes after auxin and β-estradiol 676 
addition. 677 
 678 
Figure 2. Depletion of Spt5 reduces co-transcriptional recruitment of U5 snRNPs 679 
(A) Anti-Prp40 (U1 snRNP), (B) anti-Lea1-HA (U2 snRNP), (C) anti-Prp8 (U5 snRNP) and 680 
(D) anti-Rpb1 (RNAPII) ChIP and qPCR across intron-containing genes ACT1, RPS13 and 681 
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ECM33 without auxin or β-estradiol (solid black line) and with 40 minutes of auxin and β-682 
estradiol treatment to deplete Spt5-AID* (dashed black line). The X-axes show the amplicons 683 
used for ChIP qPCR analysis (see Figure 1B). The ChIP data are presented as the mean 684 
percentage of input relative to the first amplicon of each gene for at least 3 biological replicates. 685 
Error bars = standard error of the mean. Gray crosses indicate the individual replicate values 686 
without auxin and β-estradiol and gray circles indicate the individual replicate values 40 687 
minutes after auxin and β-estradiol addition. (E) Western blot probed with anti-Prp8 (U5 688 
snRNP), anti-FLAG and anti-PGK1 as a loading control. T0, samples taken before, and T40, 689 
40 minutes after addition of auxin and β-estradiol. Quantification of Prp8 is presented as the 690 
percentage mean of 3 biological replicates for T40 samples relative to T0 values and 691 
normalised to the PGK1 signal. Error bars = standard error of the mean. Asterisks show the 692 
statistical significance (Student’s unpaired t-test). *P < 0.05, ** P <0.01 and *** P < 0.001. 693 
Not significant = P > 0.05. Gray crosses indicate the individual replicate values. 694 
Figure 3. Depletion of Spt5 affects pre-mRNA splicing.  695 
(A) Cartoon showing the RT-qPCR amplicons for splicing analysis for an average gene. These 696 
detect pre-mRNA (5’SS or BP and 3’SS), lariat (excised intron or intron-exon 2), exon 2 (ex 697 
2) and mRNA.  698 
(B) RT-qPCR analysis of the intron-containing genes ACT1, RPS13 and ECM33 after depletion 699 
of Spt5-AID*, normalised to the SCR1 RNAPIII transcript and time zero (without auxin and 700 
β-estradiol addition). Mean of 3 biological replicates. Error bars = standard error of the mean. 701 
Asterisks show the statistical significance (Student’s unpaired t-test). *P < 0.05, ** P <0.01 702 
and *** P < 0.001. Not significant = P > 0.05. Gray crosses indicate the individual replicate 703 
values. 704 
 705 
 706 
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Figure 4. Spt5 interacts with snRNPs.  707 
(A) RIP experiment in which Spt5-AID*-6FLAG was pulled down followed by RT-qPCR 708 
using primers against snRNAs U1, U2, U4, U5 and U6 (white bars). A mock pulldown was 709 
also performed (gray bars). Data are normalised to the input. Error bars = standard deviation 710 
of 3 biological replicates. 711 
(B) RIP experiment in which Spt5-AID*-6FLAG was pulled down followed by RT-qPCR 712 
using primers for the intron-containing genes ACT1, RPS13 and ECM33 (white bars). A mock 713 
pulldown was also performed (gray bars). Data are normalised as percentage of input (% input). 714 
Error bars = standard deviation of 3 biological replicates. 715 
(C) Western blots from a co-immunoprecipitation experiment in which Spt5-AID*-6FLAG 716 
was pulled down using anti-FLAG antibody with or without RNase treatment, blotted and 717 
probed with anti-Prp40 (U1 snRNP), anti-Lea-3HA (U2 snRNP) and anti-Prp8 (U5 snRNP) 718 
antibodies, then probed with anti-FLAG antibody. Additionally, an untagged Spt5 control 719 
strain with Lea1-3HA tagged was used for a pull-down with the FLAG antibody as a negative 720 
control. Input (10%), non-bound (NB) and immunoprecipitation (IP) samples were loaded.  721 
(D) Western blots from co-immunoprecipitation experiments in which the U1 snRNP, U2 722 
snRNP or U5 snRNP were pulled down using anti-Prp40, anti-HA (for Lea1-HA) or anti-Prp8 723 
respectively in the Spt5-AID*-6FLAG strain with Lea1-3HA tagged. Additionally, a negative 724 
rabbit IgG control was included in which rabbit IgG was used for a pull-down with the Spt5-725 
AID*-6FLAG strain with Lea1-3HA tagged. Input (10%), non-bound and 726 
immunoprecipitation (IP) samples were loaded. The blot was probed with antibodies against 727 
Prp8 (U5 snRNP), FLAG (Spt5-AID*-6FLAG), Prp40 (U1 snRNP) and HA (Lea1-3HA) (U2 728 
snRNP).  729 
(E) RT-qPCR analysis to determine efficiency of RNase treatment of samples used for co-730 
immunoprecipitation in Figures 4C and 4D. Primers were used against snRNAs U1, U2, U4, 731 
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U5 and U6 and ACT1 (mRNA, 3’SS, BP, Lariat and Exon 2). Data are shown as % RNA 732 
remaining relative to conditions without RNase treatment. Mean of 2 biological replicates. 733 
Error bars = standard deviation.  734 
 735 
Figure 5. Paf1 depletion does not affect recruitment of U5 snRNP or pre-mRNA splicing. 736 
(A) Western blot probed with anti-FLAG and anti-Pgk1 as a loading control. T0, samples taken 737 
before or T30, 30 minutes after addition of auxin. Paf1-AID* depletion was quantified and 738 
shown as the percentage mean of 3 biological replicates of T30 relative to T0 values and 739 
normalised to the Pgk1 signal. Error bars = standard error of the mean. Gray crosses indicate 740 
the individual replicate values. 741 
(B) Anti-FLAG (Paf1-AID*) and (C) anti-Prp8 (U5 snRNP) ChIP followed by qPCR analysis 742 
of the intron-containing genes: ACT1, RPS13, ECM33, 0 minutes (no auxin; solid black line) 743 
and 30 minutes (+ auxin; dashed black line) after auxin addition to deplete Paf1-AID*. X-axes 744 
show amplicons used for ChIP qPCR analysis (see Figure 1B). Data are presented as mean 745 
percentage of input relative to the first amplicon of each gene. Mean of at least three biological 746 
replicates. Error bars = standard error of the mean. Asterisks show the statistical significance 747 
(Student’s unpaired t-test). *P < 0.05, ** P <0.01 and *** P < 0.001. Not significant = P > 748 
0.05. Gray crosses indicate the individual replicate values without auxin and β-estradiol and 749 
gray circles indicate the individual replicate values 40 minutes after auxin and β-estradiol 750 
addition. 751 
(D) RT-qPCR analysis of total RNA from the intron-containing genes ACT1, RPS13 and 752 
ECM33 after 30 minutes of depletion of Paf1-AID* (A). Normalised to the SCR1 RNAPIII 753 
transcript and time zero (no auxin). Primers used detected pre-mRNA (5’SS or BP and 3’SS), 754 
lariat (excised intron or intron-exon 2), exon 2 (ex 2) and mRNA (see figure 3.6A for cartoon). 755 
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Mean of 3 biological replicates. Error bars = standard error of the mean. Gray crosses indicate 756 
the individual replicate values. 757 
 758 
Figure 6. Model: a role for Spt5 in co-transcriptional spliceosome assembly.  759 
 In wild-type (WT) conditions (without Spt5 depletion), Spt5 facilitates co-transcriptional 760 
spliceosome assembly by promoting stable recruitment of the U5 snRNP. This may be 761 
mediated, either directly or indirectly, by interaction between Spt5 and core members of the 762 
spliceosome although it is unclear whether the interaction occurs already at the pre-763 
spliceosome stage. Upon Spt5 depletion (indicated by the red cross), the U5 snRNP is either 764 
not recruited or does not remain stably associated, so that pre-B/B complexes or later 765 
complexes do not form, or form and then rapidly disassemble, leading to defects in splicing 766 
catalysis.  767 
Supplementary Figure S1.  768 
RT-qPCR analysis of the intron-containing transcripts of ACT1 (A), RPS13  (B) and ECM33 769 
(C) before (T0) and after (T40) depletion of Spt5-AID*, normalised to the SCR1 RNAPIII 770 
transcript. Mean of 3 biological replicates. Error bars = standard error of the mean. Gray crosses 771 
indicate the individual replicate values. Due to different efficiencies of PCR probes, the levels 772 
of different RNA species cannot be closely compared. 773 
 774 
Supplementary Figure S2.  775 
RT-qPCR analysis of the intron-containing transcripts of ACT1 (A), RPS13  (B) and ECM33 776 
(C) before (T0) and after (T30) depletion of Paf1-AID*, normalised to the SCR1 RNAPIII 777 
transcript. Mean of 3 biological replicates. Error bars = standard error of the mean. Gray crosses 778 
indicate the individual replicate values. Due to different efficiencies of PCR probes, the levels 779 
of different RNA species cannot be closely compared. 780 
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Table 1. Yeast strains used in this study 781 
Name Genotype Source 
W303 MATα ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 
can1-100 
Beggs lab 
W303 (PADH1-409-
TIR1) 
MATα ade2-1 ura3-1 trp1-1 leu2-3,112 can1-100 his3-
11,15::PADH1-397-OsTIR1 
Mendoza-Ochoa 
et al. 2018  
W303 (PADH1-409-
TIR1) 
Paf1-AID*-6FLAG 
Lea1-3HA 
MATα ade2-1 ura3-1 trp1-1 leu2-3,112 can1-100 his3-
11,15::PADH1-397-OsTIR1 PAF1-AID*-6FLAG-
HygMX LEA1-3HA-KAN 
This study 
W303 
Spt5-AID*-6FLAG 
Lea1-3HA 
pBest-TIR1-LEU2 
MATα ade2-1 ura3-1 trp1-1 leu2-3,112 can1-100 his3-
11,15 SPT5-AID*-6FLAG-HygMX LEA1-3HA-KAN 
[pBest-TIR1-LEU2] 
This study 
W303 
Lea1-3HA 
MATα ade2-1 ura3-1 trp1-1 leu2-3,112 can1-100 his3-
11,15 LEA1-3HA-KAN 
This study 
 782 
Table 2. Antibodies used in this study for western blotting, ChIP, RIP and co-783 
imunoprecipitation 784 
Antibody Application 
Rabbit anti-Prp40 (rabbit 11 Eurogentec 2014) western blotting 
Rabbit anti-Prp8 (R1703 Final bleed Boon peptide 5/046) western blotting 
Rat anti-FLAG (Agilent #200474) western blotting 
Mouse anti-Rpb1 (Diagenode #C15100055-100) western blotting 
Mouse anti-Pgk1 (Abcam #22C5D8) western blotting 
Mouse anti-HA (Santa Cruz #F-7) western blotting 
Goat anti-mouse IRDye680RD (LI-COR #926-68070) western blotting 
Goat anti-rabbit IRDye680RD (LI-COR #926-32223) western blotting 
Goat anti-rat IRDye800RD (LI-COR #926-32219) western blotting 
Goat anti-rabbit IRDye800RD (LI-COR #925-32211) western blotting 
Rabbit anti-Prp40 (rabbit 11 Eurogentec 2014) ChIP, western blotting 
Rabbit anti-Prp8 (R1703 Final bleed Boon peptide 5/046) ChIP, Co-immunoprecipitation, western blotting 
Rabbit anti-HA (Abcam #AB9110) ChIP, Co-immunoprecipitation 
Mouse anti-FLAG (Sigma M2 #F1804) ChIP, Co-immunoprecipitation, RIP 
Mouse anti-Rpb1 (Diagenode #C15100055-100) ChIP, western blotting 
 785 
 786 
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Supplementary Figure S1 (related to Figure 3C)
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Supplementary Figure S2 (related to Figure 5D)
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